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Abstract 
In this paper, an elastic plastic behaviour model based on internal state variables is investigated. The final aim is to 
describe the mechanical stress–strain cyclic response of oxide dispersion strengthened (ODS) steels during the cold 
pilgering process. In this tube forming operation, a material element undergoes a series of small incremental 
deformations, alternatively under tensile and compressive stresses. 
The cyclic model considers isotropic hardening and kinematic hardening which can be related to the typical 
continuous cyclic softening of the ODS steels. Moreover, the identification process of the cyclic model parameters 
involves experimental data from only one sample. 
ODS steels tubes usually reveal an anisotropic strength in the radial, ortho-radial and longitudinal directions due to a 
crystallographic and strongly elongated grain morphology in the rolling direction. Identification of 3 Hill’s 
parameters is done using compression tests of cylindrical specimens cut in three different directions (longitudinal, 
radial and ortho-radial) combined with an inverse analysis. 
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1. Introduction 
For new fast-neutron sodium-cooled GEN IV reactors, the candidate cladding materials for the very 
strong rates of combustion are the ferritic and martensitic ODS grades [1]. Classically the cladding tube is 
cold formed by a sequence of cold pilger rolling passes with intermediate heat treatments. 
The HPTR cold pilgering process is a seamless tube forming operation where the tube is repeatedly 
rolled over a fixed mandrel by three grooved dies. During this process the inner radius and wall thickness 
are both progressively reduced. After each back and forth movement (stroke) of the dies, the raw tube is 
advanced by a small distance and rotated around its axis. A volume element takes several dozens of 
strokes before deformation is completed. This complex mechanical history may lead to the nucleation of 
defects (longitudinal cracks) in low-cycle fatigue regime [2]. Anisotropy in the constitutive behavior 
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(crystallographic texture) and in second phase particles distribution may have a significant influence on 
this phenomenon. Prior to studying the resistance of ODS steels to this kind of complex, non-proportional 
multi-axial, and non-periodic strain cycling using the finite element method (FEM), a realistic constitutive 
law is necessary. 
Room temperature cyclic tension compression tests at different strain amplitudes have been conducted 
covering the rolling strain range. Only one specimen can be used for whole test because of the limitation 
in the amount of available ODS material steels. Based on these experiments, an elastoviscoplastic model 
with non linear kinematic and isotropic hardening coefficients has been identified for each material. 
On the other hand, all metal-forming processes are influenced by anisotropy, due to a material flow 
competition between the different directions. Therefore, the effect of anisotropic rheological behavior is 
studied by uniaxial compression tests in 3 different configurations. 
2. Cyclic behaviour of ODS steel 
This section deals with the experimental cyclic behavior of an ODS steel. It describes in detail the 
specific cyclic test which was designed to determine completely the constitutive model parameters, using 
only one specimen. 
2.1.  Material investigated 
Many studies are directed toward the development of innovative metallic materials for applications in 
the nuclear industry, fulfilling the design requirements for fission nuclear reactors. Among these are oxide 
dispersion strengthened (ODS) alloy materials obtained by powder metallurgy which are of interest as 
structural materials due to their creep rupture strength at high temperature and their resistance to severe 
neutron exposure [1]. These steels contain between 9 and 18% of Cr. Following hot forming, they are 
either ferritic or martensitic and they perform well under irradiation which avoids the swelling problems 
that can be experienced in the austenitic steels. 
2.2. Cyclic testing procedure 
The behavior in oligocyclic fatigue was studied on grade Fe-9Cr-1W ODS (SRMA code: J24). The 
oligocyclic test is carried out on only one standard test specimen manufactured from ODS bars produced 
and extruded at CEA (French Alternative Energies and Atomic Energy Commission). The strain rate is 
fixed and the amplitude of deformation may change, the transitions of amplitude being made after 
returning to zero deformation. The sequence of amplitudes is: ±0.2%, ±0.3%, ±0.4%, ±0.5%, ±0.7%, ±1% 
before coming back to ±0.5% and finally increasing to ±1.5% and ±2%. The number of cycles at each 
amplitude is selected so as to stabilize the stress amplitude. This experimental test was performed at CEA. 
2.3. Cycle elastic-plastic material behavior modeling 
According to the previous experimental behaviour, it is proposed to describe the cyclic behaviour of 
the metal with an elastic-plastic model developed by Chaboche [3]. The constitutive equations of this 
model use a decomposition of hardening into kinematic and isotropic parts, each obeying their own 
differential equations. The formulation chosen here is the following. The elastic domain is defined by: 
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In equation (1) yσ  is the initial yield surface size. X  is the kinematic internal stress tensor or back 
stress tensor and R  is the isotropic hardening. 
The formulation of the kinematic hardening tensor is based on the non-linear Lemaître-Chaboche 
kinematic model: 
pCXd i
p
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  (2) 
iC  and iγ  are constant material parameters. 
pε  is the plastic strain increment tensor. p  is the plastic 
strain rate. 
The isotropic hardening variable is introduced to describe the cyclic hardening phenomenon (increase 
of strength) or the cyclic softening (decrease). Its evolution is governed by the accumulated plastic strain 
and the stabilized state is reached when R  gets its asymptotic value Q  : 
))exp(1( pbQR iii −−=   (3) 
Where iQ  and ib  are constants. Similarly to [4] a good compromise was found with a model using 
two kinematic variables ( 1X and 2X ) and two isotropic variables ( 1R and 2R ). This model was 
implemented within the FE code. 
2.4. Identification of the model parameters 
While the number of parameters is large, the set of parameters { 0σ , E , ib , iQ , iC , iγ  with 2=i } has 
been identified using the following semi-automatic identification process. Each step of the process was 
performed using the optimization module of FE code. The process is divided in three main stages: 
• First, the stabilized cycle of ± 1% strain amplitude is used because both kinematic and isotropic 
hardenings are more noticeable. The assumption of  stable cycle of the steel during this phase is 
postulated. Thus, the isotropic component may be assumed to be constant and in the case of ODS steels 
set to zero (The 50 MPa drop in the half stress amplitude is considered negligible). In this first step, 0σ  is 
assumed to correspond to the observed 0σ  on the stabilized cycle. The kinematic parameters 1C , 1γ , 
2C , 2γ  are identified such the gap between the calculated and experimental hysteresis is the lowest 
possible. 
• Second, the coefficients of the kinematic hardening part being known from the first step, it is possible 
to identify the coefficients of the isotropic hardening component. Using also the stabilized cycle of ± 1% 
strain amplitude four terms are introduced: the first one 1R (parameters 1Q  and 1b ) corresponds to the 
strong softening observed during the first dozens of cycles, the second one 2R (parameters 2Q  and 2b ) 
describes the asymptotic softening. Besides the isotropic hardening parameters, 0σ  and E  can also be 
adjusted at this stage. 
• Finally, the parameter of the kinematic hardening 1C , 1γ , 2C , 2γ  are re-identified by inverse analysis 
using the stabilized cycle at ± 0.7% and the first cycle at ± 1%. This allows looking at the transient 
behavior between two different amplitudes. 
The main difficulty consists in reaching a good description of both the stabilized cyclic behavior and 
the transition between 2 different amplitudes. Predicted numerical curve and experimental response for 
Fe-9Cr-1W ODS at 20ºC are compared in Fig. 1. It can be seen that experimental and predicted results are 
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in good agreement even when considering previous and forward strain amplitudes, although the inverse 
analyses was made using only ± 0.7% and ± 1% strain amplitudes. 
Figure 1. (a) Hysteresis loop comparison between experimental and calculated responses for a continuous and different strain range; 
(b) comparison between experimental and calculated responses for a continuous cycling and a several strain range cyclic softening. 
A memory effect could be introduced to take into account the influence of the plastic strain range on 
the amount of the cyclic softening [3]. 
3. Anisotropic behaviour of ODS steel 
Plastic anisotropy can be easily manifested e.g. by ovalization in tension or compression test. In this 
section the identification of Hill’s parameters is presented performing compression tests of cylindrical 
specimens cut in three different directions (longitudinal, radial and ortho-radial directions in an extruded 
bar). 
3.1. Mechanical test and experimental results 
Cylindrical samples were manufactured from ODS bars (Fe-14Cr-1W ODS, SRMA code: J27-M2) 
produced and extruded at CEA. The initial height is 11mm. The initial radius is 5mm. 39% height 
compression is performed with a hydraulic machine. The sample and tools are lubricated. After 
compression, the sample cut in longitudinal direction shows no ovalization, proving isotropy in the 
traverse section. Radial and ortho-radial samples show an ovalization which confirms the existence of a 
crystallographic texture. 
3.2. Anisotropic constitutive model 
The first yield function accounting for orthogonal anisotropy was introduced by Hill [5] and is based 
on Von Mises work. To introduce anisotropy [6], Hill kept the Von Mises quadratic form, but added six 
coefficients to describe the direction-depended plastic flow properties: 
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3.3. Simulation of cylinder upsetting 
Ovalization can be characterized by the shape factor of the section and related to the anisotropy 
coefficients, giving a first relation from which HG  can be identified from the radial compression test : 
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Using also equation (6) but with Hill’s parameters H , F  instead of G , H  the relation FH  can be 
calculated identified from the ortho-radial compression test. Hence, the third relation GF  is issued from 
the two previous equations. All the experimental data (major axis/minor axis) is taken at mid-height 
sample. To fully identify the three coefficients ( F , G  and H ) more information is required. The yield 
stress in the axial compression (Eq. (5) for ZZ0σ ) gives F . In practice, L , M and N  are determined 
from shearing test. In this work, only three cylinders could be cut from the raw bar in the main directions 
(longitudinal, radial and ortho-radial) because of the limitation in the amount of available ODS material 
steels. Therefore, an important assumption is done, the values of L , M , N  are fixed to 3, since in the 
case of an isotropic material. Parameters ratio presented in Table 1 have been validated by simulating the 
compression test. Friction was identified based on axial compression test, resulting in Tresca’s friction 
factor 21.0=m . The simulation resulted in good agreement on ovalization as shown in Table 2. Some 
discrepancy may be observed in experimental/simulation ovalization in the radial and ortho-radial 
direction. In one hand, Hill’s constitutive model equations make the assumption that the material is 
perfectly orthotropic. Hence, the initial sample height is significant in comparison to the diameter of the 
raw bar. Therefore, the crystallographic texture evolves from side to side of the sample. In the other hand, 
friction reduces the anisotropic effects [6]. This may explain the difference between the experimental and 
numerical ovalization results.  
For this reason a numerical optimization is proposed in next section in order to have enhanced results. 
3.4. Parameters calculation improvement 
In order to improve ovalization ratio results, a more precise final geometry had to be adjusted using an 
inverse analysis software. G  modifies the radial sample ovalization instead H  modifies the orthoradial 
sample ovalization. Therefore, an inverse analysis was carried out for each sample (radial and ortho-
radial). Enhanced parameter ratio are showed in Table 1. Correlation between numerical and experimental 
data is obtained by minimizing the deviation between numerical and experimental values (major and 
minor axis). A new ovalization result of the radial and orthoradial sample is showed in Table 2. 
Table 1. Reduced parameters of anisotropic Hill criterion and yield stresses comparison. 
HG FH GF ZZ0σ [MPa] RR0σ [MPa] θθσ 0 [MPa] 
before numerical identification 1.55 1.79 0.36 1041 (experimental) 1066 (experimental) 1110 (experimental) 
after numerical identification 0.81 2.42 0.50 1041 1180 1270 
 Parameters after numerical identification led in a better agreement on the ovalization but in very bad 
agreement on stresses. The yield stresses values are over estimated (see Table 1). For Hill’s model, a flow 
anisotropy (characterized by samples ovalization) induces strong yield stress anisotropy [7], which is not 
the case in reality. However, fitting Hill’s coefficient on ovalization should give interesting results on 
deformation prediction during cold forming. 
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Table 2. Experimental and numerical compression test ovalization ratio results. 
Ovalization ratio before numerical identification Ovalization ratio after numerical identification 
 Axial Radial Orthoradial Axial Radial Orthoradial 
Simulation 1.001 1.1713 1.0527 1.001 1.1122 1.1445 
Experimental 1.001 1.110032 1.1447 1.001 1.110032 1.1447 
4. Conclusion 
Accurate modelling of the material constitutive behavior is one of the most important features needed 
in order to simulate forming process operations properly. Cyclic behaviour of ODS steels was modeled 
using an elastic-plastic model developed by Chaboche. This model was implemented in a FE code. An 
identification process was proposed using an inverse analysis method. This process was performed using 
the experimental cyclic test data from only one specimen using a sequence of different strain amplitudes. 
Experimental and predicted results are in good agreement. A memory effect could be introduced to take 
into account the influence of the plastic strain range on the amount of the cyclic softening. Since ODS 
tubes revel mechanical anisotropy, compression tests of cylindrical specimens cut in three different 
directions (longitudinal, radial and ortho-radial) were carried out. Hill’s quadratic plastic anisotropy 
criterion has been selected to model the different flow patterns in compression. A set of Hill’s parameter 
was identified based on the ovalization shape after upsetting. Furthermore, a Hill’s parameter calculation 
enhancement was performed using the inverse analysis method, which led to an improvement of the 
correlation between the experimental and numerical results. Future work will include a numerical 
simulation of ODS tubes cold pilgering considering the cyclic and anisotropic constitutive behavior. The 
influence of these features on the mechanical history undergone by a material point during the process
will be assessed. 
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